This paper presents the results of an evaluation study of gas drainability in the Bulli seam in the Southern Coalfield of the Sydney Basin, NSW, Australia, where the coal seam gas (CSG) contains a high proportion of carbon dioxide (CO 2 ). Historically the gas drainability in some particular areas of this coal seam was found to be particularly poor, which posed a significant challenge to gas predrainage. As a result, a large volume of greenhouse gases were released to the atmosphere during mining of the coal seam. Furthermore, the high gas content associated with the CO 2 -rich composition also increased the risks of coal and gas outburst incidents, affecting the safety of mining. After systematic literature review of evaluation factors affecting gas drainability, this evaluation study comprehensively analyzed the main critical factors, including the geology of the area, the coal cleat system, coal microstructure, coal permeability, coal sorption capacity, gas content, and gas composition. Field geology analysis showed geological variations that affected the variations of the coal cleat system and CO 2 content in the coal seam. Scanning Electron Microscope (SEM) tests showed the tight and less-porous features in hard-to-drain coal samples. The colliery gas database analysis was carried out to assess the impact of gas content and gas composition on the drainability of the coal seam. Laboratory tests showed that the coal seam had a permeability of less than 1 mD and also showed that the coal seam was highly undersaturated, especially with high CO 2 content.
Introduction
Australia has the third largest coal reserves in the world, with 144.8 billion tonnes (Bt) of proved coal resources, including 68.3 Bt anthracite and bituminous coals and 76.5 Bt subbituminous and lignite coals [1] . The majority of Australia's economic black coal resources exist in Queensland and New South Wales (Figure 1(a) ), which jointly produce 96% of Australian black coal [2] . Open-cut mining accounts for approximately 75% of total saleable coal production, with the balance coming from underground mines. The condition where large volumes of CSG are entrained in the geological formations is common for coal seams in Australia, and mixed CO 2 and CH 4 CSG is often present. It is estimated that 40% of Australian longwall mines require regular gas drainage to manage coal seam gas emissions [3] . Due to the mixed CO 2 /CH 4 gas, attention has been drawn to the impact on global climate change from coal seam gas emissions as coal production has powered Australian economic development [4] . Particularly in CO 2 outburst coal seams, it is a prerequisite to conduct gas predrainage to control emissions and ensure the safety of coal production. Coal with extremely complex pore structure can store a large amount of CSG; CSG has also become an energy resource of global significance. In addition to USA, countries such as Canada, Australia, China, and India practice CSG drainage activities [5] [6] [7] [8] [9] [10] . In Australia, the CSG drainage industry is growing rapidly and is becoming one of the significant energy sources in both Queensland [6, 11] and New South Wales [5] . Thus, an evaluation study of the gas drainability of coal seams in the Sydney Basin was required to understand better the challenges of the low permeability, high geological stress, and various gas saturation degrees of this deposit in order to achieve efficient CSG recovery and capture.
Mining experience in Australia shows that CO 2 content can vary significantly within short distances in the same seam and within the same coal mine. Gas outbursts can occur at lower gas contents for CO 2 than for CH 4 , and the presence of high CO 2 content in coal seams has been the cause of numerous gas outbursts during underground coal mining. During the last 50 years, many outbursts occurred in Australian mines. In some instances where the dominant gas is CO 2 , outbursts happened more frequently. For instance, at Tahmoor, Metropolitan, and West Cliff collieries in the Illawarra coalfield in the southern part of the Sydney Basin, gas outbursts were caused mainly by CO 2 . Due to the common occurrence of CO 2 in Australian coal seams and its implications for coal mining, the mechanism of CO 2 storage and flow in coal has been investigated during the last two decades [3, 5, 6] .
Geological structure variations and the mechanism of the coal cleat system were considered in detail and have been found to be related to gas flow by many researchers [12] [13] [14] , who have reported that gas drainage efficiency is affected by the porous microstructure and permeability of coal [6, [15] [16] [17] [18] [19] [20] .
Coal adsorption isotherms describe the maximum gas adsorption capacity of coal, which is one of the key characteristics that affect CSG drainage operations, outburst prevention, and CO 2 storage [5, [21] [22] [23] . Under certain conditions, different types of coal exhibit different sorption behavior with various gases [24] [25] [26] [27] . Gas content and gas composition are some of the most important factors that affect coal mine operation and safety and are highly significant in CSG resource assessment and recovery operations [3, 22, 28, 29] . To prevent coal and gas outburst, the outburst threshold limit value (TLV), which stipulates the CSG limit for mining, has to be established for each mine. The capacity of the coal matrix to absorb gas as a function of pressure is described by the Langmuir sorption isotherm. Coals that are capable of holding the maximum amount of gas at a certain reservoir pressure and temperature condition generally are referred to as being "saturated" or, otherwise, "undersaturated." The most successful CSG drainage and production occurs in coal seams that are close to fully saturated [15, 22] . Therefore, the degree of gas saturation in a coal has an important impact on gas drainage and production rates. A critical examination of the gas database from the Metropolitan Colliery also was carried out to evaluate the impact of gas content and gas composition on the drainability of the coal seam at this mine.
The Metropolitan Colliery, located at New South Wales (NSW) as shown in Figure 1(b) , has exhibited problems in that the absorbed gas is hard to drain in some longwall blocks of the Bulli seam. Even with additional drainage boreholes, gas contents at some locations have not dropped below the 2 Geofluids TLV within the available drainage lead time. The research was carried out, therefore, to identify the main factors contributing to drainage problems, establishing the fingerprints of coals that are able to give early warning of likely future drainage constraints. The present research program was a systematic study that included coal sorption capacity analyses and a fundamental study of sorption theory [23, 27, 30] . Coal permeability and gas enhancement studies [18, 31] had already been carried out and the relevant results published. In order to identify the main factors that would indicate that a deposit would be "hard-to-drain" and give early warning signs of the issue, the methodology for laboratory evaluation and investigation of CSG drainability and its influencing factors are described in the present paper.
Geological Background
The Bulli seam, which is being mined at the Metropolitan Colliery, is related to the Illawarra Coal Measures in the Sydney Basin. Faiz et al. [5] reported that the rank of Sydney Basin coal ranges from low to high volatile bituminous coal (vitrinite reflectance: 0.7-1.9%). The migration of gases mainly occurs upwards in an aqueous solution, following the pressure gradient. During the upward migration of gas-saturated solution, gas is released continually from the solution due to the decreasing pressure. Due to the lower solubility of CH 4 relative to CO 2 , CH 4 is desorbed within the deeper strata, whereas increasing amounts of CO 2 are desorbed within the shallower strata. Therefore, in most parts of the Southern Coalfield, increasing volumes of CO 2 gas are observed at shallower depths.
A typical area of difficult drainage in the Metropolitan Colliery is shown in Figure 2 . As shown from the geological survey, strike/slip faults and mylonite exist in typical hard-to-drain locations, i.e., the 8-11 cut through (c/t) of main gate (MG) 22. The mylonite is a fine-grained metamorphic rock, typically banded, resulting from the grinding or crushing of other rocks. It was reported that no stress-driven roof failures were observed in the MG 22 panel. The faulting intersecting MG 22 panel was characterized by vertical displacement (0.1 m), a mylonite band approximately 20-30 mm thick, slickensides, and jointing, parallel and subparallel to the main structure. The geological structures can influence coal seam permeability and CSG variation, and hence gas drainage. This faulting may become the source of cleat system variations, causing CO 2 and CH 4 variations in this area, and thus a possible high concentration of CO 2 .
The coal proximate analysis information is shown in Table 1 .
The Evaluation of Gas Drainability from the Coal Seam
Many factors may affect CSG extraction, and the two most important factors are the permeability and CSG saturation of the coal. CSG saturation determines the CSG reserves of the coal seam, and the ability of CSG to migrate depends on the permeability of the coal. Other factors, including adsorption and desorption ability, coal seam gas type, geological variations, fractures, and stresses, can affect the two major factors mentioned above and also affect indirectly the drainability of the CSG. Thus, the evaluation of CSG drainability from the coal seam focuses on the permeability of the coal seam and the coal seam gas saturation level. For gassy and outburst risk coal seam [3, 5, 18] , extremely low permeability is the main factor causing poor gas drainability, as shown in Table 2 . The permeability of the poor gas drainability areas typically was less than 1 mD. However, due to the low economic benefit of CO 2 -rich coal seams, the evaluation of CSG gas drainability from the coal targets mainly the CH 4 component. Because of the different seepage characteristics of CO 2 and CH 4 , the CH 4 extraction evaluation index cannot be used to predict CO 2 extraction. However, other than the Sydney Basin described in this paper, other locations including China, Poland, and elsewhere have large CO 2 outburst coal seams [32] . If there is poor drainage before coal seam mining, a large volume of greenhouse gases can be released directly to the atmosphere during the process of coal seam mining. Due to the lack of an assessment standard for CO 2 drainability from coal seams, the extraction method is not ideal. An investigation of drainability evaluation methods was conducted during the present study, and the influencing factors were determined in the laboratory. It was carried out to find the reasons for poor drainability in CO 2 outburst coal seams and propose specific indicators to evaluate gas drainability from CO 2 outburst coal seams.
The Evaluation of Gas Drainability for
Hard-to-Drain Areas 4.1. Cleat System Study. In general, coal can be characterized as a rock with a natural cleat network [12] . Cleating consists of two types: in one, the predominant cleat is called a face cleat, and in the other, it is a butt cleat, which often ends at intersections with face cleats [40] . King et al. [41] noted that the cleat space accounts for less than 2 percent of the bulk seam volume, and the mechanism of gas storage is the same as in conventional reservoirs where the flow of gas is governed by Darcy's law. Figures 3 shows the cleat system in the Metropolitan lump coal samples. Typically, the coal bedding direction and the face and butt cleats can be clearly identified. It can be observed that this type of coal is "tight" with small cleat spacings and narrow apertures [12] . The Scanning Electron Microscope (SEM) micrographs that are presented later in this report show the cleat characteristics at higher magnification. Optimal gas production usually is achieved from coal seams that are characterized by highly fractured coal and wide aperture cleat networks, high cleat density, and intermediate cleat spacing [42] [43] [44] .
To understand the cleat system, field visits were carried out to examine the coal seams and evaluate in situ stress conditions in relation to borehole drilling direction in the "hard-to-drain" area in the Metropolitan Colliery. Figure 4 shows the drainage borehole layout and the residual gas content after six months of drainage in a typical hard-to-drain area (the red points are the "Fail" drainage samples, while green points are the "Pass" drainage samples). The "Pass" or "Fail" classification was determined by the measured gas content and composition, as compared to the outburst threshold limit, which is given in Section 4.5.
As is shown in Figure 4 , some boreholes are relatively more productive than are others drilled in different directions in the same area. By relating this field observation with the field-observed cleat system, some boreholes drilled perpendicular to the major cleat system (from drilling stub towards Mains or outbye) may be more productive, while boreholes drilled inbye are likely to be less effective for degassing. Regarding the mapped orientation of the major horizontal stress, it seems that the major stress direction is perpendicular to the major cleat direction, thereby sealing the major cleat and likely causing closure of boreholes that are orientated inbye. This also may contribute to the less effective gas drainage of the hard-to-drain areas.
Variations in the geological structure can influence both the coal seam cleat orientation and the permeability. Cleat orientation has been reported to be an important parameter for the permeability of coal. It is generally accepted, therefore, that boreholes drilled perpendicular to the face cleat tend to be more productive than boreholes drilled otherwise. Battino and Hargraves [46] reported that when testing in the Castor seam at Cook Colliery, using 21 m long, 43 mm diameter boreholes, the measured gas flow rates ranged from 85 to 175 L/min from boreholes drilled perpendicular to the major cleat. This was marginally higher than the flow rates from boreholes drilled parallel to the major cleat, which was up to 75 L/min.
Thus, geological variation, mineralization, and coal seam cleat system variations can influence gas drainage borehole arrangements and especially the optimal direction of the borehole for efficient gas drainage. Geological variations could be the source of cleat system variations, as well as permeability changes along different directions in the strata.
Coal Microstructure Study.
It has been reported that gas drainage efficiency is related to the porous microstructure of coal [14, 17] . In order to better understand the CSG drainage production characteristics, information about the coal structure microstructure from the fracture and cleat system is required. Poor gas drainage of the coal seam can be caused by a tight and low porosity microstructure. The coal microstructures from both hard-to-drain and easy-to-drain areas were examined using SEM. The SEM results from coal samples taken from different drainability areas were obtained using a JSM-6490 LV instrument. SEM imaging technology can provide a reliable visual record of the microstructures of the coal. The secondary electron mode was adopted for the SEM investigations [47] .
4.2.1. SEM Analysis of Hard-to-Drain Coal Samples. Coal samples collected from 9-10, 11-12 c/t in MG 22, in the hard-to-drain area of the Metropolitan Colliery were examined during the present study. The piece samples were prepared, including the surface directions perpendicular to and parallel with the coal bed. The samples were prepared with a thickness of 10 mm.
Zhang et al. [48] reported coal sample SEM images from hard-to-drain areas. It was observed that the dominating feature of these samples was that, in general, they exhibit a solid surface, which was observed both perpendicular to and parallel with the coal bed ( Figure 5(a) ). The coals belonged to the comparatively "tight" (i.e., relatively impermeable) coal type according to the microstructural analyses.
The SEM examinations of coal samples from the 11-12 c/t in MG 22 gave a pore size of ten microns parallel with the coal bed direction. Pores in the coal were found to be filled with mineral matter and coal particles ( Figure 5(b) ). In general, coals with a more porous structure and fewer mineral-filled pores have better gas flow characteristics. The porosity of a coal can be decreased when the macropores are filled with mineral matter, thereby reducing the Hard-to-drain area Figure 2 : Metropolitan mine plan showing the "hard-to-drain" area 3. An evaluation of gas drainability from the coal seam. permeability of the coal. The mineral matter also can influence gas desorption and coal matrix shrinkage. Therefore, the cleats filled with minerals cause difficulties in drilling and gas drainage.
Geofluids
Additionally, according to the geological information, mylonite and intrusions were identified in the hard-to-drain areas. Microstructural examinations of the samples showed that it is possible for mylonite filling in microcleats to block the pores, with not much space left for gas flow, which results in low permeability and hard-to-drain coal. Intrusions, such as one of the geological anomalies, can result in the permeability in that region, and magmatic intrusions 6 Geofluids play an important role in the generation of CO 2 [49] , which was confirmed by the high CO 2 concentration in the hard-to-drain areas.
SEM Analysis of Easy-to-Drain Coal Samples.
The easy-to-drain coal samples were examined in the same conditions described previously, using the same apparatus that had been used to examine the hard-to-drain coal samples. In general, the pore structure of these two samples was easily observed in the SEM, as is shown in Figures 6 and 7 . The microcleat openings and mineral matter of the microstructure play an important role in the productive gas drainage of coal seams. The micron size pore system of coal from easy-to-drain areas was relatively prevalent parallel with the bed direction. Pores were observed from the 100 μm and 10 μm scales, and the images are shown in Figure 6 . The size of pores in the 100 μm scale images was larger than 25 μm, and the size of pores in the 10 μm scale images was approximately 10 μm. The pore density shown in the 10 μm scale images was relatively higher than that of the 100 μm scale images. Compared to the sample shown in Figure 7 , the sample from a hard-to-drain area seems to have less micron size pores than sample from easy-to-drain areas. Moreover, in easy-to-drain areas, the pores were mostly empty or were only partly mineralized, which means that coal seams in easy-to-drain areas have high permeability. This slide was similar to the features of the hard-to-drain area. Fracture structures also can be observed in this sample, as shown in Figure 7 . In contrast to the fracture structures of a hard-to-drain area ( Figure 5 ), the fracture structures of easy-to-drain areas were obviously well generated, and the fractures were mostly empty. Thus, a low-porosity structure and mylonite filling of the pore structure are factors that cause difficulty in gas drainage.
Coal Permeability Study.
The permeability of a coal characterizes its capacity to transmit gas if there is a pressure or concentration gradient across it. The complex flow processes in porous media depend on the complexity of the microstructure of porous media [50] , and permeability can vary significantly with stress condition [51] [52] [53] , fluid pressure changes [42] , and also according to gas type and gas pressure [54] .
The primary methods of determining permeability include field measurement, laboratory experiments, and numerical simulations. A laboratory permeability test program was conducted in this study using two different permeability tests, which were carried out using two types of equipment. One type of permeability test was conducted 7 Geofluids along the radius of the coal sample using a multifunction outburst research rig (MFORR), which was reported previously [55] . The other type of permeability test was carried out along the axial direction of the coal sample and was carried out using a standard triaxial coal permeability cell [56, 57] .
Zhang et al. [48] reported that, for hard-to-drain area coal samples, permeability starts to establish a stable level at less than 1 mD, with higher gas pressure, and under high-stress conditions, although permeability values appear different at lower gas pressures (Figure 8 ).
The permeability of coal has a significant influence on the entire process of gas drainage and CSG production in coal mines. Coalbeds are classified into four groups based on their in situ permeability (Table 3 ) [45] . It can be obtained from Table 3 that coalbed gas extraction can be carried out when the coal seam permeability is generally greater than 1 mD. However, for Australian coals, according to Figure 9 , it indicates that Australian coal seams that are suitable for drainage (medium radius drill method) should have a gas content of more than 6 m 3 /t gas and a permeability greater than 2 mD at a depth of 150 to 500 m.
As the permeability test is carried out with N 2 gas and dry coal samples, the in situ permeability should be lower than the lab-tested permeability result. Due to the Metropolitan Colliery's in situ conditions, the high rate of CO 2 and CH 4 mixture gas, and the presence of water in the coal matrix and boreholes, the in situ permeability may be less than 1 mD. Hence, with a coal seam depth of more than 400 m and a gas content of 7.76 m 3 /t in the typical hard-to-drain area, gas drainage in these areas will be poor if no enhancement techniques are employed.
Coal Sorption Capacity Study.
The coal samples used in the ash content test were from the core samples after the fast desorption gas content test. Before the test, the coal samples were crushed to -212 μm and dried in a vacuum desiccator in an oven at 60°C. The ash content test of the coal followed the Australian Standard AS 1038. 3-1989 [58] .
The test results showed that the ash content of Metropolitan coal was around 12.53% (Aad), which can be regarded as a relatively low ash content coal. Generally speaking, low ash content coal has a larger gas adsorbing capacity than does high ash content coal, which also explains why this type of coal has a strong gas adsorbing capacity and therefore requires a longer drainage lead time to reduce the gas content below the threshold limit for safe mining operations.
The sorption of samples from the typical hard-to-drain area (from c/t 8-11 along MG 22) was tested (GME 2126, GME 2127, GME 2128, and GME 2130 sample test results are shown as the examples). The indirect gravimetric method was used to test the coal isotherm, and its test apparatus was shown in detail in previous studies [23, 27, 30] . All samples were prepared by crushing the sample to a powder size of -212 μm and then enclosing it in pressure bombs, which were charged separately with CO 2 and CH 4 at a temperature of 25°C. The first step used the helium expansion method to determine the volume of the void space in the bomb for each sample. Then, each of the bombs was charged with the test Table 3 : Classification of coalbeds based on their permeability (after Ref. [45] ).
In situ permeability (K) Drainability
Difficult drainage 5 mD < K ≤ 9 mD Low drainage 9 mD < K ≤ 50 mD Successful drainage 
Geofluids
gas. The level of charging gas pressure for the sorption test was carried out systematically at 1000 kPa and then 1500 kPa, 2000 kPa, 3000 kPa until 4000 kPa. Finally, the isotherms were obtained for the equilibrium pressure point and adsorbed gas volume. Figure 10 shows four representative test results from the hard-to-drain area, which exhibited a much higher sorption capacity with CO 2 than with CH 4 .
4.5. Gas Content and Gas Composition Study. The gas content of the coal seam of the Illawarra Coal Measures varied from less than 1 to 20 m 3 /t. The gas composition of the CSG included CH 4 , CO 2 , N 2 , C 2 H 6 , and other higher hydrocarbons [5] . The two main gases, CO 2 and CH 4 , usually accounted for greater than 90% of the total CSG. Faiz et al. [59] reported that the majority of the CSG was generated in coal from the Jurassic and Early Cretaceous period. Faiz et al. [5] stated that, for the Illawarra Coal Measures, the CO 2 was mainly from magmatic sources, and the CO 2 was generated mainly in the Tertiary period.
The gas content tests with the rapid desorption method were conducted according to the Australian Standard AS3980:1999 [58] , and the gas composition tests were conducted using a Varian CP4900 Four Channel Micro Gas Chromatograph (GC). In total, 519 core samples were collected from underground for testing. For each test sample, the following information was recorded from the analysis: core sample reference; outburst threshold limit value; measured total gas content Q M ; gas content components including Q 1 , Q 2 , and Q 3 (m 3 /t); gas composition of desorbed gas including CH 4 , CO 2 , and CH 4 /(CH 4 + CO 2 ) (%).
The outburst threshold limit has to be established to prevent outburst fatalities. The outburst threshold limit value (TLV) varies linearly and is related to the gas composition, increasing from a minimum in the condition of pure CO 2 to a maximum in the condition of pure CH 4 . Many Australian underground coal mines are mining in areas that require the use of gas drainage to reduce coal seam gas content to below a prescribed threshold limit value (TLV). Factors contributing to poor drainage problem may include high coal rank and in situ conditions resulting in high sorption capacity, low gas content, high CO 2 gas composition, and high in situ gas pressure causing low coal saturation as well as coal microstructure and permeability affecting gas transport. In various parts of the Bulli seam of the Sydney Basin, the main seam gas is more of CO 2 than CH 4 , thus high CO 2 and mixed gas CH 4 and CO 2 have been found in a number of locations in Tahmoor, Metropolitan, Appin, and West Cliff mines [3, 22, 45] . In these gassy outburst-prone coal mines, mine operators use intensive gas drainage drilling programs to collect coal cores for gas content testing, identify structures ahead of the mine workings, and deal with the increasing problems of gas drainage and drain gas to below the applicable TLV to ensure safe mining operations.
According to the test results, the whole database of the Metropolitan Colliery, containing 519 sample results, was studied. From the mine level values in the database, the threshold limits were generated. As shown in Figure 11 , the gas content was 6.0 m 3 /t for pure CO 2 and 9.5 m 3 /t for pure CH 4 . Thus, if the test gas content for a coal sample was under the TLV limit, the sample was marked as a "Pass", otherwise, it was marked as a "Fail". Figure 11 shows the scatter distribution of the whole gas database and the database for a typical hard-to-drain area (8-11 c/t, MG 22) . As shown in Figure 11 (a), the scatter of the whole gas database for the 519 samples ranged from CO 2 rich to CH 4 rich. As shown in Figure 11 (b), unlike the scatter for the whole gas database, the scatter for a typical hard-to-drain area (94 samples) was concentrated almost entirely in the CO 2 -rich area, with the highest CH 4 /(CH 4 + CO 2 ) ratio being 0.21. Both of the results indicate that the seam is in a CO 2 -rich condition, and in the typical hard-to-drain area, there is an especially high CO 2 condition.
In the zone where the CH 4 /(CH 4 + CO 2 ) ratio was less than 0.2, 171 samples were designated as a "Fail", which accounted for 88.1% of the total number of "Fail" samples. Including the "Pass" samples, 41.0% of samples in the zone with a CH 4 /(CH 4 + CO 2 ) ratio of less than 0.2 were failed, compared to 22.5% of samples in the zone with a CH 4 /(CH 4 + CO 2 ) ratio of more than 0.2. Comparing these results, in the zone with a CH 4 /(CH 4 + CO 2 ) ratio of less than 0.2, 60 samples were designated a "Fail", which accounted for 93.8% of the total number of "Fail" samples. Including the "Pass" samples, 65.9% of samples in the zone with a CH 4 /(CH 4 + CO 2 ) ratio of less than 0.2 were failed. Both of these results indicate that coal samples with a higher CO 2 composition condition were more prone to "Fail". Table 4 shows the test results for the whole gas database and for the database of a typical hard-to-drain area. The accounting ratio for the "Fail" samples was much higher at 67.0% in the typical "hard-to-drain" area, whereas the ratio for the whole mining area was 37.4%. The difference in the average Q M value between the "Pass" and "Fail" samples was smaller in the typical "hard-to-drain" area than for the whole mining area. The average CO 2 composition value was higher for both types of samples in the typical hard-to-drain area, and CH 4 composition value was comparatively lower. Table 5 shows the gas content of each gas component within the total gas content. In the fast desorption method, the gas content of the Q 3 component contributes the largest percentage to the total gas content, followed by the Q 2 and Q 1 gas components. This principle was constant for the entire group of samples tested. It was found that the absolute gas content value of each gas component was larger for the "Fail" samples than for the "Pass" samples. The average Q 1 : Q M and Q 2 : Q M ratios were smaller for the "Pass" samples than for the "Fail" samples, while the Q 3 : Q M ratio was larger for the "Pass" samples than for the "Fail" samples. This phenomenon also confirmed that in the sample tests with higher gas contents, the gas was more prone to release during the Q 1 and Q 2 testing processes.
The CO 2 isotherm, compared to CH 4 isotherm, has a more significant role in the gas drainage behavior for the researched coal seam. The critical desorption point of a typical Bulli seam sample is based on isotherms representing the adsorption capacity for both pure CH 4 and CO 2 . Considering the same initial in situ gas content and pressure, it can be concluded that a CO 2 -rich coal requires a far larger reduction in reservoir pressure to reach the critical desorption point than does an equivalent CH 4 -rich sample [3] . All the above information demonstrate the important factors that characterize why it is more difficult to drain gas from the CO 2 -rich Bulli seam gas than from the normal CH 4 -rich coal seams, and why the typical "hard-to-drain" area is especially hard-to-drain when it has an even higher CO 2 gas composition.
Conclusions
An investigation of the drainability evaluation of outburst-prone and high-CO 2 -containing coal seam, and its influencing factors, was carried out. In this study, coal cleat systems were investigated both in the laboratory and the field. The geological variations cause differences in coal permeability and CO 2 concentration. The SEM analysis showed that tighter and lower porosity microstructures were found for coals from the "hard-to-drain" areas than was the case for "easy-to-drain" areas.
Both the axial and radial permeability test results showed that the permeability of the coal decreased with an increase in stress and gas pressure. The permeability test results established a stable level of less than 1 mD under higher gas pressure and higher stress, which could be another possible reason that may explain the "hard-to-drain" behavior.
Compared to the CH 4 isotherm, the CO 2 isotherm of higher sorption value should have a greater significance in the gas drainage behavior of the researched coal seam. The researched coal seam, which had a higher CO 2 gas adsorption capacity and concentration, had a low gas saturation limit, which explained the "hard-to-drain" problem.
The results of the critical gas content and composition investigation were applied to the whole colliery gas database and to the hard-to-drain database. It was established that coal samples from CO 2 -rich areas had a higher risk of failure, especially in the case of typical hard-to-drain areas.
A direct warning index for the in situ "hard-to-drain" problem was proposed as guidance for future gas drainage operations at the colliery, including areas with relatively 11 Geofluids lower gas contents (6-10 m 3 /t), areas with high CO 2 compositions (CO 2 > 80%, CH 4 < 20% or CH 4 /(CH 4 + CO 2 ) < 0.2), and areas with geological variations.
In conclusion, a high gas storage capacity, relatively low gas contents, and a high CO 2 concentration results in low gas saturation limit for a coal. Geological variations and geostresses affect the coal microstructure, geological variations, and geostresses, and a low porosity structure will cause low permeability in the coal. A low gas saturation limit and low permeability directly cause the coal to be hard to drain for CSG. Additionally, indirect factors that cause the difficulty in gas draining, such as high CO 2 concentration, geological variations, and geological stresses, also influence each other and result in low permeability in the coal. The difficulty in gas draining and outburst risk are caused by a combination of these factors, especially when most of the features appear within a particular coal seam area.
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